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(IHNV)	 infecting	 native	 salmonid	 fish.	 The	 pathogen	 has	 been	 documented	 in	 the	
freshwater	ecosystem	of	the	Pacific	Northwest	of	North	America	since	the	1950s,	and	












juvenile	 cohort	was	 supported	 in	26%–74%	of	 candidate	 cases.	 The	 results	of	 this	
study	indicate	that	multiple	specific	transmission	routes	are	acting	to	maintain	IHNV	




















of	 strategies	 including	 captive	 rearing	 efforts	 are	 used	 to	 try	 to	 re-
build	particular	stocks	(Fraser,	2008).	In	addition	to	habitat	loss	due	to	
changes	in	land-	use	and	river	conditions,	 including	dams,	the	patho-
gen	 infectious	 hematopoietic	 necrosis	virus	 (IHNV)	 is	 a	 current	 and	





host	 jump	 into	 farmed	 rainbow	trout	 (freshwater	 resident	O. mykiss)	
in	 the	 1970s	 (Amend,	 1975;	 Kurath	 et	al.,	 2003;	Troyer,	 LaPatra,	 &	
Kurath,	 2000)	 and	 spread	 through	 Columbia	 River	 Basin	 steelhead	
populations	 since	 the	 1980s	 (Breyta,	 Black,	 Kaufman,	 &	 Kurath,	
2016;	Groberg,	Hedrick,	&	Fryer,	1982).	Also	 in	the	1980s,	 IHNV	 in	
the	Columbia	River	Basin	adapted	to	increase	prevalence	in	Chinook	
salmon	 (Oncorhynchus tshawytscha)	 (Arkush,	Mendonca,	McBride,	&	
Hedrick,	 2004;	 Black,	 Breyta,	 Bedford,	 &	 Kurath,	 2016),	 which	 are	
often	reared	with	steelhead	trout	and	share	similar	spawning	run	tim-












ecology	 study,	 IHNV,	 causes	 both	 acute	 lethal	 disease	 associated	
with	necrosis	of	the	hematopoietic	kidney	and	spleen	tissues	in	ju-
venile	fish,	and	asymptomatic	infection	in	adult	Pacific	salmon	and	
trout	 (Oncorhynchus	 spp.)	 (Bootland	 &	 Leong,	 1999;	Wolf,	 1988).	
Viral	 infection	 is	 observed	 in	 both	 cultured	 fish	 in	 hatcheries	 and	




is	 effectively	 eliminated	 by	 the	 standard	 practice	 of	 disinfecting	




This	 study	 is	 focused	 on	 IHNV	 epidemiology	within	 the	 region	
consisting	 of	 the	 coastal	 watersheds	 of	 Oregon	 and	 Washington	















between	 wild	 and	 cultured	 fish	 has	 been	 documented	 (Anderson,	
Engelking,	 Emmenegger,	 &	 Kurath,	 2000;	 Kurath	 &	Winton,	 2011).	
Since	hatchery	fish	are	neither	wild	nor	fully	domesticated	(like	farm	
fish),	we	use	the	term	“semi-	cultured”	to	describe	the	fact	that	they	
spend	part	of	their	 life	history	 in	cultured	environments,	and	part	 in	















2003).	A	genetic	 surveillance	program	 for	monitoring	of	 IHNV	virus	
genotypes	in	North	America	has	been	conducted	at	the	US	Geological	
Survey,	Western	Fisheries	Research	Center	 (USGS	WFRC),	 including	
data	 from	 virus	 isolates	 collected	 from	 1958	 to	 2016.	 Over	 3,000	
virus	isolates	from	fish	sampled	in	Alaska,	Washington,	Oregon,	Idaho,	
California,	and	Montana	have	been	analyzed,	and	the	data	are	publicly	











fit	 and	virulent	 in	 steelhead	 and	 rainbow	 trout	 (Breyta	 et	al.,	 2014;	













tabase)	 has	 recently	 been	 created	 (Breyta,	 Brito,	 Kurath,	&	 LaDeau,	



























“HUC8	 watersheds”).	 Most	 hatcheries	 routinely	 test	 adult	 fish	 at	























We	 analyzed	 the	 database	 for	 evidence	 that	 contact	 between	
specific	 age	 classes	 or	 recurrence	 at	 particular	 sites	was	 associated	
with	IHNV	infection	in	hatchery-	reared	juvenile	fish.	Although	we	in-











rare	 genotypes	 can	 provide	 strong	 indications	 of	 transmission	 links,	
whereas	common	or	dominant	genotypes	are	less	informative	because	
they	may	 be	 observed	 in	 several	 possible	 transmission	 source	 pop-
ulations.	However,	 even	 the	 dominant	 types	 described	 here	 can	 be	
informative	if	spatial	and	temporal	data	are	considered,	for	instance	if	
a	dominant	genotype	is	found	outside	its	previously	observed	spatial	



















numbers	 of	 juvenile	 fish	 released	 from	hatcheries	 each	year	 from	
the	Regional	Mark	Processing	Center	(RMPC,	www.rmpc.org)	data-
base.	These	data	were	available	for	86	of	the	132	hatcheries	in	our	
dataset	 that	 reported	 testing	 steelhead	 and/or	 Chinook.	 Juvenile	
fish	release	numbers	were	not	available	for	all	13	years	of	the	study	








considered	 the	 response	 variable	 of	 interest.	 Maps	 were	 created	
using	the	WGS1984	projection	in	ArcGIS.	Statistical	analyses	were	
performed	using	the	statistical	program	R	(R	Core	Team,	2014)	and	




The	 6,766	 IHNV	 testing	 records	 in	 the	 IHNV-	VGS	 database	were	
from	 fish	 sampled	 at	 1,142	 unique	 sites.	 These	 included	 169	
hatchery-	based	 sites	 (referred	 to	 hereafter	 as	 “hatchery	 sites”),	
which	included	121	hatchery	facilities	and	48	hatchery	satellite	lo-
cations	 such	as	 fish	 traps,	weirs,	or	 fish	 ladders.	The	 records	 from	
hatchery-	based	sites	were	predominantly	from	testing	of	hatchery-	




12	privately	owned	 fish	 farms	and	144	unstructured	 sites	 such	as	
creeks	or	lakes	where	fish	(of	various	hatchery,	natural,	or	unknown	
origin)	 were	 sampled	 as	 part	 of	 general	 fish	 health	 management.	
Records	 from	 fish	known	 to	be	wild	were	 from	820	sites	 sampled	














ported	 juvenile	 testing	 in	at	 least	1	year	and	13	hatcheries	 (8%)	 re-
ported	testing	juveniles	in	all	13	years.	Among	the	169	hatchery	sites,	
53	 (31%)	 reported	 IHNV-	positive	 juvenile	 cohorts	 in	 at	 least	1	year	














Adult fish Juvenile fish
Records IHNV+ records
Prevalence (by 
records) (%) Records IHNV+ records
Prevalence (by 
records) (%)
Steelhead	trout 820 252 30.7 373 95 25.5
Rainbow	trout 240 25 10.4 254 37 14.6
Chinook	salmon 1,027 271 26.4 544 45 8.3
Sockeye	salmon 68 22 32.4 64 7 10.9
Kokanee	salmon 151 15 9.9 17 2 11.8
Coho	salmon 445 23 5.2 165 1 0.6
Non-	focal	hostsb 330 17 5.2 137 3 2.2
aSpecies	for	host	types:	steelhead	and	rainbow	trout	(anadromous	and	freshwater	forms	of	Oncorhynchus mykiss);	Chinook	salmon	(Oncorhynchus tshawyts-
cha);	sockeye	and	kokanee	salmon	(anadromous	and	freshwater	forms	of	Oncorhynchus nerka);	coho	salmon	(Oncorhynchus kisutch).
bNon-	focal	hosts	include	seven	species:	cutthroat	trout	(Oncorhynchus clarkii),	pink	salmon	(Oncorhynchus gorbuscha),	chum	salmon	(Oncorhynchus keta),	bull	
trout	(Salvelinus confluentus),	brook	trout	(Salvelinus fontinalis),	brown	trout	(Salmo trutta),	and	Atlantic	salmon	(Salmo salar).
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Viral	 genotypes	 were	 available	 for	 423	 (68%)	 of	 the	 positive	
adult	 records	 and	 134	 (71%)	 of	 the	 positive	 juvenile	 records,	 ac-
counting	 for	 66%	of	 the	 842	 positive	 cohort	 records	 in	 the	 data-
base.	Isolates	from	steelhead	(45%)	and	Chinook	(38%)	constituted	





3.2 | Virus prevalence in different geographic 
regions and host types













The	data	 imply	 that	adult	 sampling,	while	extensive,	 is	not	satu-
rated	 in	 terms	of	detecting	prevalence.	Hatcheries	where	 testing	of	
adult	 IHNV	 infection	 in	more	years	were	more	 likely	 to	 report	 pos-
itive	 adults,	 suggesting	 that	 additional	 adult	 sampling	 could	 result	
in	 greater	 prevalence	 (Figure	2).	 Increasing	 positive	 tests	 for	 IHNV	
among	juvenile	steelhead	or	Chinook	does	not	increase	similarly	with	
testing	effort	(Figure	2),	which	is	consistent	with	our	assumption	that	
infected	 juveniles	 are	 symptomatic	 and	 testing	 is	 likely	 to	 occur	 if	
IHNV	is	present.












3.3 | Virus prevalence over time
Prevalence	of	IHNV	in	juvenile	steelhead	was	greater	than	30%	across	






Juvenile	 Chinook	 prevalence	 has	 been	 both	 lower	 and	 more	 vari-
able,	ranging	between	0	and	a	peak	at	16%	during	the	study	period.	
Prevalence	 across	 adult	 fish	 sampled	 at	 hatcheries	 has	 been	 more	
consistent,	hovering	around	40%	for	steelhead	and	just	under	30%	for	
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age	and	species,	possibly	due	to	incomplete	reporting,	fewer	fish	re-













below).	Among	 typed	 steelhead	 isolates,	M	group	 viruses	were	de-
tected	1.8	times	more	frequently	than	U	group	viruses	(176	M	types,	
96	 U	 types),	 and	 among	 Chinook,	 U	 group	 viruses	 were	 detected	
4.1	times	more	frequently	than	M	group	(39	M	types,	158	U	types).	
























Dominant	 genotypes	 demonstrated	 variable	 degrees	 of	 spatial	 het-
erogeneity	during	our	focal	study	period	(Figure	5d).	Although	some	
genotypes	were	widely	dispersed	across	all	 three	major	sub-	regions	
shown	 in	 Figure	4c	 (i.e.,	mG001U,	mG139M,	 and	mG151U),	 others	
















tion,	 to	 indicate	an	upper	bound	on	 the	estimate	of	how	often	 this	
transmission	 route	may	have	occurred.	Within	 this	 subset,	 the	pro-
portion	of	most	strongly	supported	cases	was	then	identified	where	
the	 identical	 genotypes	were	more	 informative	 because	 they	were	
either	rare	genotypes	or	dominant	genotypes	detected	outside	their	





3.6 | Within- hatchery transmission between juvenile 
cohorts (route 1)
One	of	the	ways	that	IHNV	may	persist	 in	the	landscape	is	through	
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1	cohorts)	of	 the	consecutive	 infections	 indicated	 that	 transmission	
pathway(s)	other	than	route	1	also	 likely	contributed	to	 infection	 in	
this	subset	of	positive	juvenile	cohorts	(Table	3).
As	a	separate	analysis,	we	also	considered	possible	transmission	
between	concurrent	 juvenile	 fish	 cohorts	 in	 the	 same	year	within	
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the	same	hatchery	although	 in	 these	cases	 the	direction	of	 trans-
mission	 is	 not	 known.	At	18	hatchery	 sites	where	more	 than	one	
virus-	positive	 juvenile	 cohort	was	detected	during	 the	 same	year,	
the	genotyped	cohorts	(12	out	of	a	total	of	31	positive)	were	exam-
ined	for	evidence	of	within-	hatchery	transmission.	In	nine	of	these	





We	 also	 evaluated	 how	 hatchery	 program	 size,	 as	 proxied	 by	
numbers	 of	 juveniles	 released	 and	 numbers	 of	 species	 reared,	
influences	 IHNV	 recurrence	 (route	 1	 transmission).	We	 hypothe-
sized	that	larger	hatcheries	would	be	more	susceptible	to	juvenile	
infection	 and	 thus,	 more	 likely	 to	 also	 have	 recurrent	 infections	
across	 cohorts.	Hatcheries	 that	 reared	more	 fish	did	 report	more	
years	with	positive	 IHNV	samples	of	any	 life	stage	 (glm,	z	=	4.63,	
p	<	.001)	 although	 this	 was	 not	 significant	 when	 we	 considered	
only	 positive	 juvenile	 records	 (glm,	 z	=	−0.26,	 p	=	.80).	 Likewise,	
there	was	no	significant	 relationship	between	number	of	positive	
Site Host type(s)
Years (no. of juvenile 
cohorts)a mG ### genotype
Transmission 
inferenceb
1 Sthd 2008,	2009 110M Strong-	b
2 Sthd 2007,	2008 110M Strong-	b
3 sthd,	chin,	rb 2006(3),	2007 110M Strong-	a
4 sthd,	chin,	rb 2005,	2006(2),	2007 110M Strong-	a
5 Sthd 2003,	2004 110M Weak
6 Sthd 2003,	2004,	2009–2011 110M Weak
7 Sthd 2008–2010 110M Weak
7 Sthd 2004–2005 139M Highest
7 Sthd 2009–2011 178M Highest1 or 3
8 Chin 2001–2002 001U Weak




10 sthd,	chin 2004–2006 001U Weak
11 sthd,	chin 2003(2),	2004(2),	2005 001U Weak






















No. of candidate 
positive juvenile 
populationsa
No. of candidate 
populations 
genotyped
No. of identical 
genotypes (% of number 
of cohorts genotyped)
No. of informative, supporting 
genotypes (% of number of 
cohorts genotyped)
No. of contradicting 
genotypes (% of number 
of cohorts genotyped)
Route	1 135 98 54	(55%) 10	(10%) 44	(45%)
Route	2 48 45 35	(78%) 14	(31%) 10	(22%)
Route	3 107 85 63	(74%) 22	(26%) 22	(26%)
There	were	a	total	of	191	positive	juvenile	cohorts	during	the	study,	and	the	subsets	of	these	that	fit	the	criteria	for	each	transmission	route	are	listed,	along	
with	how	many	of	each	subset	were	genotyped.	Transmission	routes	are	not	mutually	exclusive.	Tallies	of	juvenile	cohorts	with	candidate	source	popula-
tions	 that	had	 identical	genotypes,	 strongly	supportive	genotypes,	or	contradictive	genotypes	are	shown,	 including	 the	percent	of	number	of	cohorts	
genotyped.
aSee	Results	for	criteria	used	for	each	route.
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juvenile	 years	 and	 number	 of	 species	 reared	 at	 a	 given	 hatchery	
(glm,	z	=	0.64,	p	=	.52).
3.7 | Inter- hatchery juvenile transmission (route 2)
If	 juvenile	 fish	 within	 a	 hatchery	 become	 infected	 from	 proximal	
hatcheries	via	contaminated	effluent,	shared	biosecurity	issues	across	











those	 that	 had	 not	 reported	 IHNV-	positive	 juvenile	 samples	within	
the	previous	year)	were	located	in	watersheds	with	concurrent	juve-




the	concurrent	and	previous	year.	Another	28	 (31%)	of	 the	new	 in-
fections	occurred	 all	 at	 the	 same	 time,	 that	 is,	without	 any	 juvenile	
infections	 in	 the	HUC	during	 the	previous	year,	which	 is	 consistent	
with	either	route	2	or	route	3	transmission.	The	remaining	43	(47%)	
of	new	 juvenile	 infections	were	 isolated	events	 that	occurred	 in	 the	
absence	of	any	other	juvenile	infections	within	the	watershed	in	either	
the	 concurrent	 or	 previous	year,	 implying	 the	 involvement	 of	 other	
transmission	routes.
Of	 the	48	newly	 infected	 site-	cohorts	 consistent	with	 route	2	
inter-	hatchery	transmission,	45	(94%)	were	genotyped,	and	identi-
cal	 genotypes	were	 found	 in	 35	 cases	 (78%	 of	 genotyped	 candi-
date	route	2	cohorts).	Among	the	20	cases	where	candidate	nearby	
juvenile	 sources	occurred	 in	 the	previous	and	concurrent	year,	19	
cohorts	were	genotyped	and	10	of	 these	provided	additional	sup-
port	 for	 this	 transmission	 route.	These	 consisted	 of	 eight	 cohorts	
with	dominant	genotypes,	 including	 three	 cases	where	 these	pro-
vided	strong	support	due	to	unusual	occurrence,	and	two	cases	of	
rare	 genotype	 detection	 that	 were	 strongly	 supportive.	 The	 rare	
genotype	mG157M	 emerged	 in	 juvenile	 fish	 and	was	 then	 found	
in	 juvenile	 fish	at	another	hatchery	within	 the	same	HUC8	water-
shed,	whereas	genotype	mG168M	emerged	in	juvenile	fish	and	was	
then	detected	in	nearby	adults,	possibly	indicating	juvenile-	to-	adult	
transmission	 between	 proximal	 hatcheries.	 Among	 the	 other	 28	
cases	where	candidate	sources	occurred	only	within	the	concurrent	
year,	22	cohorts	were	genotyped	but	only	4	supported	transmission	





22%	of	new	 juvenile	 infections	are	not	 likely	explained	by	route	2	
transmission	(Table	3).




























important	 conclusion,	 as	 it	 suggests	 that	management	 of	 the	 virus	
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Over	the	13	years	examined	here,	IHNV	was	detected	at	relatively	
stable	prevalence	levels	that	ranged	from	8%	to	30%	of	all	tested	fish	
cohorts,	 in	various	age	and	host	 type	sectors	of	 its	Pacific	salmonid	
multi-	host	complex.	This	is	a	relatively	high	landscape	prevalence	for	
a	viral	pathogen,	 reminiscent	of	 the	10%–27%	prevalence	 range	 re-
ported	 for	human	 immunodeficiency	virus	 (HIV)	 in	 southern	African	
countries	 that	 have	 the	highest	 burden	of	HIV	 in	 the	world	 (Global	
report	 2012).	While	 the	 IHNV	 data	 presented	 here	 are	 prevalence	
among	 all	 cohorts	 instead	 of	within	 a	 cohort,	 the	 fact	 remains	 that	






in	 steelhead	 trout.	 Twenty-	nine	 percent	 of	 the	 hatcheries	 rearing	


















adapted	 to	 better	 disrupt	 the	 primary	 transmission	 route	 if	 it	were	

































port	 that	demonstrates	probable	 transmission	between	 juvenile	 fish	
has	not	been	previously	reported.
Our	analysis	also	indicated	lower	IHNV	prevalence	in	wild	fish	rel-
ative	 to	 the	 same	 species	 of	 fish	 reared	 in	 hatcheries	 although	 this	
observation	has	several	caveats.	Even	with	the	large	database	at	hand,	










enough	 in	 the	environment	 to	be	 sampled.	Thus,	wild	 fish	 sampling	
usually	detects	evidence	of	infection	rather	than	disease.	Since	pred-
ators	may	target	moribund	wild	fish,	prevalence	of	IHN	disease	may	















a	 specific	 transmission	 route,	 support	 is	 achieved	when	 genotypes	
are	 identical,	 and	 the	 strength	 of	 the	 support	 varies	 depending	 on	
whether	the	genotypes	are	dominant	or	rare.	If	the	genotypes	do	not	
match,	then	there	is	no	support	for	the	scenario	and	we	can	conclude	
that	some	other	route	of	 transmission	was	 likely	responsible	for	 the	
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mG178M	and	mG206M	 (at	 sites	7	and	13	 in	Table	2),	where	either	
route	1	or	3	was	shown	to	be	possible.	This	reflects	the	complex	ecol-
ogy	of	the	Pacific	salmon	multi-	host	assemblage	for	IHNV,	where	ju-
venile	and	adult	 life	 stages	occur	 regularly	 in	 sufficient	proximity	 to	
facilitate	virus	transmission.
There	 are	potential	 issues	with	 interpreting	 genotype	data	 that	
we	must	consider	in	evaluating	transmission	routes	at	this	landscape	
scale.	Dominant	genotypes	provide	weaker	evidence	for	a	transmis-
sion	 route	 than	do	 rare	genotypes.	Out	of	143	genotyped	positive	
juvenile	cohorts	in	this	study,	there	were	only	six	cases	where	a	rare	
genotype	 (i.e.,	 not	 one	 of	 the	 7	 dominant	 strains	 in	 Figure	5)	 pro-
vided	strong	support	for	a	particular	transmission	route.	Specifically,	
these	 included	 evidence	 of	 adult	 to	 juvenile	 transmission	 of	 geno-
types	 mG139M	 and	 mG174U	 and	 a	 case	 where	 juveniles	 at	 one	










also	 raises	 several	 questions	 about	 how	 adult	 fish	 become	 infected.	
The	 capacity	 for	 infected	 adults	 to	 shed	 infectious	 virus	 is	 not	well	
documented,	 and	 it	may	vary	 by	 host	 species	 or	 even	 between	viral	
genotypes.	 Semi-	cultured	 adult	 fish	 are	 targeted	 for	 IHNV	 screen-
























ery	 populations	 are	 often	 conspecific	within	 species,	 and	 sympatric	
among	 species,	 but	 their	 pathogen	 transmission	 routes	 are	 largely	










The	 data	 and	 results	 presented	 highlight	 common	 challenges	 in	
documenting	 and	 understanding	 epidemiology	 in	 semi-	cultured	 ani-
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